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of reactive oxygen species (ROS), and causes apoptosis (5) that may lead to inflammatory cerebral vascular dysfunction. Superoxide anion (O 2 •Ϫ ) appears to be a primary mediator of TNF-␣-induced oxidative stress in cerebral vascular endothelium. ROS production is provided by numerous enzyme complexes, including NADPH oxidase, nitric oxide (NO) synthase, xanthine oxidase, and the mitochondrial respiratory chain. However, the cellular sources generating proapoptotic O 2 •Ϫ in response to TNF-␣ in cerebral vascular endothelium are not known.
NADPH oxidase (Nox family), which was originally discovered in phagocytes, is a potent cellular source of O 2 •Ϫ in the cardiovascular system (7, 20, 22, 25, 38, 45) and in the brain (2, 19, 26, 27, 33, 50) . NADPH oxidase components include flavocytochrome b558, an integral membrane heterodimer composed of the large catalytic Nox1-Nox5 subunits (homologues of phagocytic gp91 phox /Nox2) associated with the small anchoring p22 phox subunit, and the cytoplasmic regulatory subunits p47 phox , p67 phox , p40 phox , and small GTPase Rac1/2 (7, 17, 22) . NADPH oxidase is posttranslationally activated to produce oxidative bursts in response to various stimuli. Posttranslational activation of NADPH oxidase occurs in a celland signal-specific manner and may include phosphorylation and spatial relocation of the cytosolic subunits to the catalytic cytochrome to form the active enzyme complex (14, 22, 29) .
NADPH oxidase has important functions in cerebral circulation that include regulation of vascular smooth muscle tone and modulation of endothelium-dependent dilator responses (10, 15, 27, 33, 36) . NADPH oxidase activation has been also implicated in loss of neuronal coupling to cerebral blood flow (27) , disruption of the blood-brain barrier following stroke (26) , and in apoptosis (33, 36) . Among other catalytic Nox homologues, high expression of Nox4 appears to be a specific characteristic of vascular cells (3, 13, 22, 28, 38, 39, 43, 49, 51) , although Nox2 expression also has been reported (9, 43, 49) . Nox4 upregulation has been implicated in the development of cardiovascular pathologies (43, 45) . Current knowledge on the role of distinct Nox isoforms in cerebral circulation remains very limited. Nox4 in the human brain cortex is upregulated following cerebral ischemia (50) . Recent reports indicate the importance of gp91 phox /Nox2 and Nox4 in the regulation of cerebral vascular tone (27, 33, 36) . However, the functions of Nox4 in cerebral vascular endothelium have not been investigated.
Heme oxygenase (HO), in cooperation with biliverdin reductase, catalyzes the degradation of intracellular heme to carbon monoxide (CO) and bilirubin and functions as an endogenous antioxidant defense system in various cells (1, 37, 40, 41, 48) . Inducible HO-1 is important in cytoprotection against sustained oxidative stress caused by inflammatory disease (1, 40, 48) , whereas constitutively expressed HO-2 may protect against damage caused by acute oxidative stress (37) . In cerebral vascular endothelial cells, HO-2 is critical for immediate cytoprotection against apoptosis caused by TNF-␣. Brain endothelial cells from HO-2 knockout mice are more susceptible to TNF-␣-induced apoptosis than are wild-type cells (5) . Pharmacological inhibition of HO-2 activity in brain endothelial cells from newborn pigs augments apoptosis caused by TNF-␣ (5). The HO-2-mediated mechanism of cytoprotection against apoptosis caused by inflammation is far from clear. Previously, we reported that the products of HO activity, bilirubin and CO, have antioxidant properties in cerebral vascular endothelium exposed to inflammatory stimulation (5) . However, the ROS-producing targets for the antioxidant effects of the HO products in cerebral vascular endothelium have not been identified.
The present study using primary cultures of cerebral vascular endothelial cells addresses the hypotheses that 1) Nox4 NADPH oxidase is the primary source of proapoptotic ROS evoked by TNF-␣ and 2) CO and bilirubin protect against inflammation-induced apoptosis by inhibiting Nox4-derived O 2
•Ϫ radicals.
METHODS
Cerebral microvascular endothelial cells. All protocols and procedures that involve animals were reviewed and approved by the Animal Care and Use Committee of the University of Tennessee, Memphis. Cerebral microvessels (60 -300 m) obtained from the brain cortex of newborn pigs (1-5 days old) were digested by collagenase-dispase, and cerebral microvascular endothelial cells (CMVEC) were separated by density gradient centrifugation as we described elsewhere (5) . CMVEC were plated on Matrigel-coated plates or glass coverslips and were cultured for 5-6 days until confluence in Dulbecco's modified Eagle's medium (DMEM) containing 20% fetal bovine serum (FBS), 30 g/ml endothelial cell growth supplement, 1 U/ml heparin, and antibiotic-antimycotic mixture. CMVEC identified by von Willebrand factor accounted for Ͼ90% of the cell population. All experiments were performed on confluent quiescent cells in primary cultures. To achieve quiescence, CMVEC were exposed overnight to 0.1% FBS-DMEM.
Nox small interfering RNA-mediated gene silencing. CMVEC were transfected with Nox4 small interfering RNA (siRNA), Nox2 siRNA, or nontargeting control siRNA (Dharmacon RNA Technologies, Lafayette, CO) according to standard protocols. Briefly, confluent CMVEC were replated to 12-well plates (3 ϫ 10 5 cells/ml) and grown in 20% FBS-DMEM without antibiotic for 24 h to 60 -70% confluence. To prepare the transfection complex, DharmaFECT-1 transfection reagent (3 l/well) was incubated with Nox4 siRNA, Nox2 siRNA, or control siRNA (100 pmol/well) in antibiotic-and serumfree medium for 30 min at room temperature. For siRNA transfection, cells were incubated with the siRNA-DharmaFECT-1 complexes in antibiotic-and serum-free medium for 24 h at 37°C. For recovery, the cells were cultured in 20% FBS-DMEM (antibiotic free) for another 72 h. Before the experiment, CMVEC were serum deprived overnight in antibiotic-free 0.1% FBS-DMEM.
Experimental treatments. CMVEC were untreated or treated with TNF-␣ (15 ng/ml) for 1-3 h at 37°C in the presence or absence of ROS inhibitors. To inhibit NADPH oxidase, we used diphenyliodonium (DPI, 5-200 M) and apocynin (0.1-2 mM) (10, 24, 31, 53, 55, 56). To inhibit the Rac1 component of NADPH oxidase, we used the Rac1 inhibitor NSC-23766 (10 -100 M, 16, 42) . To inhibit the mitochondrial electron transport chain, we used carbonyl cyanide 3-chlorophenylhydrazone (CCCP; respiratory uncoupling agent, 5-10 M), 2-thenoyltrifluoroacetone (TTFA; complex II inhibitor, 5-10 M), and rotenone (complex I inhibitor; 5-10 M) (53, 55, 56) . N -nitro-L-arginine (L-NNA; 0.5-2 mM) and allopurinol (50 -100 M) were used to inhibit NO synthase and xanthine oxidase, respectively (53, 56) . To block overall O 2
•Ϫ content, we used the cellpermeable superoxide dismutase polyethylene glycol (PEG)-SOD (1,000 units), an O 2
•Ϫ scavenger (5, 10, 55) . To select the maximally effective concentrations for our cell system, we conducted preliminary experiments using a wide concentration range of the inhibitor (5-to 50-fold over the K i value).
Detection of O 2 •Ϫ generation. Dihydroethidium (DHE) is oxidized by O 2
•Ϫ to ethidium and oxyethidium, intercalates with DNA in the nucleus, and emits red fluorescence. The O 2
•Ϫ production by cultured cells was quantitatively detected by fluorescence spectroscopy as we described previously (5) . CMVEC grown on 12-well plates were incubated with 15 ng/ml TNF-␣ alone or with ROS inhibitors for 1 h at 37°C. DHE (20 M) was added to the incubation media for an additional 20 min. TNF-␣ causes an apoptosis-related cell detachment and increases O 2
•Ϫ level in both attached and detached cells (5) . To detect overall O 2
•Ϫ generation, we collected attached and floating cells by scraping and aspiration. The pooled cells were pelleted by centrifugation and washed twice with ice-cold Dulbecco's phosphatebuffered saline (DPBS). CMVEC were sonicated in ice-cold DPBS, and the lysates were cleared by centrifugation. Supernatants were transferred to Falcon 96-well black plates, and ethidium fluorescence (excitation/emission maxima, 485/590 nm) was measured by the Synergy HT multi-mode microplate reader (BioTek Instruments, Winooski, VT) and normalized to the protein amount.
Detection of DNA fragmentation. DNA fragmentation was detected using a cell death detection kit (Roche Applied Science, Indianapolis, IN) by formation of cytoplasmic histone-associated DNA fragments (5) . CMVEC were treated with TNF-␣ (15 ng/ml) for 3 h at 37°C. Detached floating cells were collected by aspiration for counting. Attached cells were lysed with the lysis buffer. Aliquots of the nuclei-free supernatant were placed in streptavidin-coated wells and incubated with anti-histone-biotin antibody and anti-DNA peroxidaseconjugated antibody for 2 h at room temperature. Immunobilized DNA fragments were visualized with 2,2Ј-azino-di(3-ethylbenzthiazolin-sulfonate), and the absorbance at 405 nm was normalized to the protein amount.
Protein detection. To detect the amount of protein in samples dissolved in Laemmli sample buffer before Western immunoblotting, we used the amidoblack dot-blot method (5) . For all other purposes, cell protein was measured by the bicinchoninic acid method (Pierce, Rockford, IL).
Western immunoblotting. Proteins (10 -20 g/lane) were separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidene fluoride membranes, and blocked with 5% milk-0.1% Tween 20. Cleaved caspase-3 fragments (17 kDa) were detected by anti-caspase-3-Asp 175 polyclonal antibodies (Cell Signaling, Beverly, MA). Nox4 was detected by anti-Nox4 (N-15) polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) or by anti-Nox4 polyclonal antibodies to a COOH-terminal region of the human protein (Novus Biologicals, Littleton, CO). Nox2 was detected using polyclonal antibodies to a human gp91 phox peptide (Upstate, Temecula, CA). Peroxidase-conjugated secondary antibodies were from Sigma (St. Louis, MO). The membranes were reprobed for actin as a loading control using monoclonal anti-actin (Roche Molecular Biochemicals, Indianapolis, IN). The immunocomplexes were visualized with the Western lightning chemiluminescence kit (Perkin Elmer Life Sciences, Shelton, CT) and digitally quantified using ImageJ 1.33 software (National Institutes of Health, Bethesda, MD).
Immunostaining. Cells were fixed with 3.7% paraformaldehyde (20 min), permeabilized with 0.1% Triton X-100 (20 min), and blocked with 5% bovine serum albumin-DPBS. The cells were incubated with monoclonal antibodies against Nox4 (1:30), p22 phox (1:30), or p47 phox (1:30) (all from Santa Cruz Biotechnology) for 1 h at 37°C followed by FITC-conjugated secondary antibodies (Vector Laboratories, Burlingame, CA) for 1 h at 37°C. For F-actin staining, cells were additionally incubated with rhodamine-phalloidin (1:100, Molecular Probes, Eugene, OR). To detect colocalization of HO-2 and Nox4, cells were first incubated with anti-Nox4 monoclonal antibodies for 1 h (as above) followed by anti-HO-2 polyclonal antibodies (1:50; StressGen Biotechnologies, Victoria, BC, Canada) for 1 h. Primary antibodies were visualized with FITC-and Cy3-conjugated secondary antibodies (Vector Laboratories) for 1 h at 37°C. Coverslips were mounted using anti-fade mounting medium with a nuclear counterstain, 4Ј,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Slides were viewed using Nikon Diaphot fluorescence microscope equipped with an image deconvolution system. Images were deconvolved and processed using IPLab Spectrum software and Adobe Photoshop (Adobe Systems). NADPH oxidase activity. NADPH oxidase activity in cell homogenates was measured by O 2
•Ϫ production from NADPH using the lucigenin-enhanced luminescence assay (21) . CMVEC were lysed by sonication in 5 ml of ice-cold lysis buffer (20 mM KH 2PO4, 1 mM EGTA) containing a protease inhibitor cocktail (Sigma). NADPH oxidase activity was measured in a reaction mixture containing 50 mM KH 2PO4 (pH 7.0), 1 mM EGTA, 150 mM sucrose, and protease inhibitors (total volume, 300 l). Cell homogenates (ϳ100 g protein) were incubated with 100 M NADPH in the absence or presence of TNF-␣ (15 ng/ml), ROS inhibitors (DPI, apocynin, and SOD), bilirubin, and CO-releasing molecule (CORM)-A1 for 40 min at 37°C. Lucigenin (50 M) was added to the reaction mixture, and the incubation continued for 20 min. Luminescence indicative of O 2
•Ϫ concentration was measured by a Synergy HT microplate reader (BioTek Instruments) and normalized to the protein amount.
Statistical analysis. Data are presented as means Ϯ SE of absolute values or percentage of control. Data were analyzed by analysis of variance for repeated measurements, followed by Fisher's test for protected least significant difference to isolate differences between groups. A level of P Ͻ 0.05 was considered significant in all statistical tests.
Materials. Cell culture reagents were purchased from Life Technologies (Gaithersburg, MD), Hyclone (South Logan, UT), and Amersham Pharmacia Biotech (Piscataway, NJ). Human TNF-␣ and Matrigel were from BD Biosciences (Bedford, MA). Apocynin and Rac1 inhibitor (NSC-23766) were from Calbiochem (San Diego, CA). Dihydroethidium was from Molecular Probes. CORM-A1 was a generous gift from Hector Knight from Tyco-Mallincrodt Medical (Petten, Holland). All other reagents were from Sigma.
RESULTS

Effects of ROS inhibitors on TNF-␣-induced oxidative stress in CMVEC. TNF-␣ (15 ng/ml, 1 h) increased O 2
•Ϫ formation twoto threefold above the baseline as detected by hydroethidium spectroscopy (Fig. 1) . We investigated the contributions of distinct ROS-generating cellular systems, NADPH oxidase, mitochondria, NO synthase, and xanthine oxidase to TNF-␣-induced oxidative stress (Fig. 1) . NADPH oxidase inhibitors, DPI (5-100 M) and apocynin (0.5-2 mM), inhibited TNF-␣-induced O 2
•Ϫ production by 50 -70%, whereas the inhibitor of the Rac1 component, NSC-23766 (10 -100 M), did not affect the oxidative stress. Mitochondrial electron transport chain inhibitors, CCCP (respiratory uncoupling reagent, 5-10 M), TTFA (complex II inhibitor, 5-10 M), and rotenone (complex I inhibitor, 5-10 M), reduced TNF-␣-evoked O 2
•Ϫ generation by 20 -40%. The NO synthase inhibitor L-NNA (0.5-2 mM) and xanthine oxidase inhibitor allopurinol (50 -100 M) did not alter TNF-␣-induced oxidative stress. Overall, these data suggest that NADPH oxidase, and, to a lesser extent, mitochondrial electron transport chain, are the cellular sources of O 2
•Ϫ generated by CMVEC in response to TNF-␣ stimulation.
NADPH oxidase inhibitors attenuate apoptosis caused by TNF-␣. TNF-␣ is a potent inducer of apoptosis in CMVEC as evidenced by caspase-3 activation, DNA fragmentation, and loss of cell contacts (5). We investigated whether NADPH oxidase-derived O 2
•Ϫ anions contribute to TNF-␣-evoked apoptosis. NADPH oxidase inhibitors DPI (5 M) and apocynin (500 M), but not the Rac1 inhibitor NSC-23766 (50 M), reduced caspase-3 activation (Fig. 2, A and B) , DNA fragmentation (Fig. 3A) , and cell detachment (Fig. 3B) caused by TNF-␣ (15 ng/ml, 3 h). The mitochondrial electron transport chain inhibitors, CCCP (5 M) and TTFA (5 M), also partially reduced TNF-␣-evoked apoptosis (Fig. 3, A and B) . These data suggest that NADPH oxidase-derived O 2
•Ϫ greatly contributes to TNF-␣-induced endothelial apoptosis.
Immunofluorescence detection of Nox4 in CMVEC. CMVEC highly express Nox4, the cell-specific catalytic subunit of NADPH oxidase (Fig. 4A ). p22 phox , the membrane-bound subunit, and p47 phox , the cytosolic regulatory subunit of the enzyme, are also immunodetectable in CMVEC (Fig. 4, B and  C) . All subunits of NADPH oxidase are localized to the perinuclear compartment of endothelial cells that corresponds to endoplasmic reticulum.
Effect of Nox4 knockdown on TNF-␣-induced apoptosis. To delineate the role of Nox4 in inflammation-induced apoptosis in CMVEC, we downregulated Nox4 protein by posttranscriptional gene silencing using siRNAs. CMVEC transfected with Nox4 siRNA showed a significantly reduced Nox4 expression by immunoblotting (50 -60% reduction) and immunofluorescence as compared with control nontransfected or transfected cells (Fig. 5, A-C) . Nox2 expression in CMVEC was not reduced by the transfection (Fig. 5A) , confirming the specificity of Nox4 siRNA. Nox4 knockdown resulted in 40% reduction in basal production of O 2
•Ϫ (4,950 Ϯ 350 and 2,820 Ϯ 170 fluorescence units/mg protein in control siRNA-and Nox4 siRNA-transfected cells; n ϭ 4, P Ͻ 0.05), suggesting that Nox4 is constitutively active in unstimulated CMVEC. Most importantly, in Nox4 knockdown CMVEC, TNF-␣ completely failed to increase O 2
•Ϫ production, in contrast to nontransfected or control transfected cells (Fig. 6) . The key apoptotic responses to TNF-␣, including caspase-3 activation and DNA fragmentation, were also greatly reduced in Nox4 knockdown CMVEC (Figs. 7 and 8) . Unlike control CMVEC, Nox4 knockdown cells stimulated by TNF-␣ were largely insensitive to DPI, apocynin, or PEG-SOD (Figs. 7 and 8) . Overall, these data suggest that Nox4 is activated by TNF-␣ and is the major contributor to oxidative stress and apoptosis caused by TNF-␣ in CMVEC. Because PEG-SOD did not completely block apoptosis in control and Nox4 knockdown cells (Figs. 7 and 8 ), it appears that ROS-independent component(s) also contribute to TNF-␣-induced caspase 3-mediated apoptosis in CMVEC.
Effect of Nox2 knockdown on TNF-␣-induced oxidative stress and apoptosis. gp91
phox /Nox2 is also expressed in CMVEC from newborn piglets (Fig. 5) . To investigate the role of Nox2 in CMVEC, we downregulated Nox2 expression using the siRNA technique. The transfection with Nox2 siRNA reduced Nox2 expression in CMVEC by 80% (Fig. 5, D and E) . Nox4 expression was not altered by the transfection (Fig. 5D) , confirming the Nox2 knockdown specificity. Knockdown of Nox2 did not produce any reduction in basal production of O 2
•Ϫ (2,180 Ϯ 230 and 2,830 Ϯ 430 fluorescence units/mg protein in control siRNA-and Nox2 siRNA-transfected cells; n ϭ 3, P Ͼ 0.05) and did not alter the oxidative response to TNF-␣ (Fig. 6) . Furthermore, Nox2 knockdown only partially attenuated TNF-␣-induced DNA fragmentation, and this effect was greatly enhanced by apocynin (Fig. 8) , indicating predominant contributions of other Nox homologues (presumably, Nox4) to inflammation-induced apoptosis. Overall, these data suggest that, in cerebral vascular endothelium, Nox2 is dormant under basal conditions and has only limited contribution to oxidative stress and apoptosis caused by TNF-␣.
Colocalization of Nox4 and HO-2 in CMVEC. HO-2 is the endogenous constitutive anti-oxidant enzyme that is an important component of antiapoptotic protection against TNF-␣ (36).
To establish potential interaction between the prooxidant and antioxidant enzymes, we determined whether Nox4 is colocalized with HO-2 in CMVEC (Fig. 9) . Using double immunofluorescence staining, we detected that Nox4 and HO-2 are colocalized in the perinuclear compartment and the nuclear envelope, indicating potential functional interaction between the two enzymes. 
Bilirubin and CO prevent TNF-␣-induced apoptosis in CMVEC.
We examined the effects of the products of HO-catalyzed heme degradation, bilirubin and CO, on endothelial apoptosis initiated by TNF-␣. We used CORM-A1, a CO-releasing molecule that slowly releases gaseous CO in physiological solutions (35, 57) . Bilirubin (1 M) and CORM-A1 (50 M) blocked DNA fragmentation caused in CMVEC by TNF-␣ (Fig. 10) . CORM-A1 inactivated by overnight exposure to air failed to reduce DNA fragmentation caused by TNF-␣ (data not shown). These data suggest that bilirubin and CO are cytoprotective against apoptosis caused by TNF-␣ in cerebral vascular endothelium.
Effects of TNF-␣, CO, and bilirubin on endothelial NADPH oxidase activity. We investigated whether cytoprotective effects of the HO products against inflammation-induced apoptosis involve modulation of endothelial NADPH oxidase activity. NADPH oxidase activity in CMVEC was detected as O 2 •Ϫ production from 100 M NADPH (21). TNF-␣ (15 ng/ml) rapidly (within 1 h) increased NADPH oxidase activity two-to threefold (Fig. 11) . DPI (5 M) and apocynin (500 M) completely blocked the TNF-␣-stimulated O 2
•Ϫ production, indicating the specificity of the method for NADPH oxidase activity detection. Given that TNF-␣ completely failed to elevate O 2 •Ϫ in Nox4 knockdown CMVEC, Nox4 is the catalytic isoform responsible for NADPH oxidase activation by the cytokine. Bilirubin (1 M) and CORM-A1 (50 M) completely blocked the NADPH oxidase response to TNF-␣ stimulation (Fig. 11) , indicating that the Nox4 NADPH oxidase enzyme complex and/or NADPH oxidase-derived O 2
•Ϫ are the targets for antioxidant and antiapoptotic effects of the HO products during inflammation.
DISCUSSION
Cerebral vascular endothelial cells respond to proinflammatory cytokine TNF-␣ by oxidative stress and apoptosis. Constitutive HO-2 is an important antioxidant enzyme that is cytoprotective against TNF-␣-induced damage of brain endo- •Ϫ production and inhibited key events of apoptosis (caspase-3 activation, DNA fragmentation, and loss of cell contacts). Conversely, inhibition of two other ROS-generating enzymes, NO synthase and xanthine oxidase, did not affect oxidative stress or apoptosis in TNF-␣-stimulated cells. These data indicate that NADPH oxidase is a major source of proapoptotic O 2
•Ϫ produced in brain endothelial cells in response to inflammatory stimulation.
NADPH oxidase, a multisubunit enzymatic complex that generates O 2
•Ϫ from molecular oxygen and NADPH, is represented by distinct membrane-spanning catalytic subunits (large subunits Nox1-Nox5 in conjunction with the small subunit gp22 phox ) that are activated via spatial interaction with the cytosolic regulatory factors (gp47 phox , gp67 phox , and small GTPase Rac1/2). NADPH oxidase was originally described in phagocytes (gp91 phox /Nox2), where it generates oxidative bursts involved in bacterial killing. Although the mechanism of activation of phagocytic Nox2 NADPH oxidase, dormant during the resting state, is well characterized, much less is known about the expression and regulation of other members of the Nox family (8, 29) . We found that in cerebral vascular endothelial cells, Nox4 is highly expressed along with the small anchoring subunit p22 phox and the regulatory subunit p47 phox . Other investigators also detected Nox4 in cerebral arterioles (33, 36) . In confluent cerebral vascular endothelial cells, Nox4, p22 phox , and p47 phox are localized to the perinuclear compartment of the cell, presumably, in the endoplasmic reticulum. This is in agreement with the observations in human vascular endothelial cells (9, 51) . Nox4 localization is independent of F-actin stress fibers that are localized to the periphery of brain endothelial cells. In contrast, Nox4 in differentiated aortic smooth muscle cells is colocalized with actin (11). We did not find Nox4 immunofluorescence in the nuclei of confluent CMVEC in primary cultures, although there are reports on nuclear localization of Nox4 in subcultured human umbilical vein endothelial cells (HUVEC; 28) and in dedifferentiated aortic smooth muscle cells at late passages (11) . Little is known on Nox4 functions in endothelial cells. In HUVECs, Nox4 regulates cell-cell adhesion, motility, and proliferation (12, 51) .
The functional significance of endothelial Nox4 in cerebrovascular inflammatory disease is not known. Our data, for the first time, show that Nox4 is the major source of evoked O 2
•Ϫ that triggers apoptosis in cerebral vascular endothelial cells exposed to TNF-␣. TNF-␣ rapidly (in Յ1 h) stimulated NADPH oxidase, indicating that new protein synthesis does not account for the enzyme activity. To investigate the functional significance of Nox4 in CMVEC, we downregulated Nox4 protein by genespecific siRNA. Nox4 knockdown reduced basal NADPH oxidase activity by 40%, indicating that Nox4 is constitutively active during resting conditions in CMVEC. In addition to Nox4, expression of Nox1 and Nox2 in cerebral arteries has been reported by other investigators (27, 33, 36) . We found •Ϫ production in Nox4 siRNA-and Nox2 siRNA-knockdown CMVEC. CMVEC (nontransfected and transfected with control siRNA, Nox4 siRNA, or Nox2 siRNA) were treated with TNF-␣ (15 ng/ml, 1 h). O2
•Ϫ production was measured by ethidium fluorescence generated from DHE and is expressed as a percentage of the baseline control. Values are means Ϯ SE. *P Ͻ 0.05 compared with baseline control values.
cating that Nox4 is the only NADPH oxidase isoform in cerebral vascular endothelium that is activated by the inflammatory stimulation. Conversely, Nox2 knockdown had only limited effect on the burst of oxidative stress evoked by the cytokine. Furthermore, TNF-␣ did not cause apoptosis in Nox4 siRNA knockdown cells. Overall, these data demonstrate that Nox4 knockdown prevented acute deleterious effects of TNF-␣ and conferred resistance of brain endothelial cells to inflammation-induced injury. These observations support the concept that Nox4 is activated by TNF-␣ in cerebral vascular endothelium and functions as the major source of O 2
•Ϫ that causes apoptosis and endothelial injury during inflammatory cerebral vascular disease.
We report that Nox4 is constitutively active in resting brain endothelial cells and is rapidly activated by TNF-␣ via a posttranslational mechanism. NADPH oxidase activation by a variety of (patho)physiological factors, such as inflammatory cytokines, angiotensin II, histamine, and thrombin, has been described in phagocytes and other cell types (10, 21-24, 29, 31, 39, 49) . Mechanisms that regulate activity of phagocytic Nox2-based NADPH oxidase include phosphorylation and translocation of regulatory cytosolic subunits (p47 phox and p67 phox ) to the membrane catalytic complex Nox2-gp22 phox and activation of small GTPase Rac1/2 (22, 23, 29) . However, little is known on regulation of other members of the Nox family (23, 29, 39) . In contrast to Nox2-based NADPH oxidase, Nox4 is constitutively active (32, 39) , as supported by our data in brain endothelial cells. NADPH oxidase activation by TNF-␣ involves interaction of catalytic and regulatory (p47 phox ) subunits (18, 23, 29, 31) . Conversely, Martyn et al. (32) reported that Nox4 activity does not require cytosolic subunits p47 phox , p67 phox , or Rac1. Our data in brain endothelial cells show that Rac1 inhibitor did not reduce Nox4-mediated apoptosis in response to TNF-␣, supporting the notion that Rac1 activity is not essential in the mechanism of the Nox4 activation.
Mitochondrial electron chain complexes I and II also appear to contribute to a burst of proapoptotic O 2
•Ϫ generated by CMVEC exposed to TNF-␣. Complex I and II inhibitors, rotenone and TTFA, inhibited O 2
•Ϫ production and apoptosis evoked by the cytokine, whereas CCCP, a respiratory uncoupling agent, had less effect. Surprisingly, CMVEC with knockdown Nox4 did not respond to TNF-␣ by increasing O 2
•Ϫ formation or apoptosis, demonstrating the absence of mitochondrial involvement. Recent reports indicate a signaling cross talk between NADPH oxidase-and mitochondria-derived ROS (30, 54) . These observations support the concept that Nox4 is the primary target for TNF-␣ in promoting cell death, whereas the ROS responses of the mitochondrial complexes are secondary to Nox4 stimulation by the cytokine in cerebral vascular endothelium. In cerebral vascular endothelium, constitutive HO-2 is a critical member of the antioxidant cell defense system (37) . We have found that deletion of HO-2 gene or inhibition of HO activity aggravates the apoptotic effects of TNF-␣ in CMVEC (5). Because Nox4 NADPH oxidase is a major source of O 2
•Ϫ in TNF-␣-stimulated cells, we investigated its relationships with antioxidant HO-2. We found that HO-2 and Nox4 are colocalized in the perinuclear area of the cytoplasm, thus providing a structural basis for functional association between the two enzymes. We investigated whether the antiapoptotic effects of the HO products CO and/or bilirubin are based on their abilities to block Nox4-derived O 2
•Ϫ anions in cerebral vascular endothelium. For the CO source, we used sodium boranocarbonate (CORM-A1) that provides spontaneous dosedependent release of gaseous CO into the media (35, 57) . In our experiments, TNF-␣ rapidly increased NADPH oxidase activity in the brain endothelial cells measured as O 2 •Ϫ production from the NADPH substrate. Nox4 appears to be the major isoform that accounts for TNF-␣'s stimulation of NADPH oxidase activity in cerebral vascular endothelial cells, because Nox4 knockdown completely abolished responses to the cytokine. CORM-A1 and bilirubin in physiologically relevant doses completely blocked Nox4-mediated O 2 •Ϫ responses to TNF-␣. Taken together with close subcellular compartmentalization of HO-2 and Nox4, these data suggest that the HO-2 products can attenuate Nox4 activation in response to inflammatory stimulation.
What are the mechanisms by which CO and bilirubin reduce Nox4 NADPH oxidase activity? CO is known for its ability to bind to heme and, therefore, may regulate functions of hemecontaining proteins. The large transmembrane Nox subunit contains two heme-binding domains that are critical for the enzyme activity (7, 8, 17) . Therefore, we may suggest that NADPH oxidase activation by TNF-␣ can be reduced by CO binding to the Nox heme and/or decreasing heme availability. HO-1 overexpression reduced NADPH oxidase activity in phagocytes and vascular smooth muscle cells (12, 46) . A CO-releasing molecule, CORM-2, inhibited NADPH oxidase activity in human airway smooth muscle (47) . Bilirubin, on the other hand, is rapidly oxidized to biliverdin, and is recognized as a potent ROS scavenger (34, 44) . The antioxidant potencies of bilirubin are enhanced by biliverdin reductase activity that provides recycling of biliverdin to bilirubin. Our findings may support the notion that CO inhibits Nox4 activation and subsequent ROS formation induced by TNF-␣, whereas bilirubin eliminates Nox-derived ROS by scavenging.
In conclusion, we have demonstrated that Nox4 is an important component of the NADPH oxidase complex in porcine cerebral vascular endothelial cells. Furthermore, Nox4 is a major prooxidant that is rapidly activated by TNF-␣ and accounts for oxidative stress leading to apoptosis in cerebral vascular endothelium under inflammatory conditions. HO-2 is colocalized with Nox4, providing a structural basis for functional interaction between the two enzymes. HO-2, via production of CO and bilirubin, inhibitors of Nox4-derived ROS, provides antioxidant protection of cerebral vascular endothelium against TNF-␣-induced apoptosis. •Ϫ production in CMVEC. Fractioned confluent quiescent CMVEC were treated with TNF-␣ (15 ng/ml, 1 h) in the absence or presence of BR (1 M), CORM (50 M), Apo (500 M), and DPI (5 M). NADPH oxidase activity was determined as O2
•Ϫ production from NADPH (100 M) measured by enhanced lucigenin luminescence, was normalized to the protein amount, and is expressed as percentage of the baseline control. Values are means Ϯ SE. *P Ͻ 0.05 compared with control values. †P Ͻ 0.05 compared with TNF-␣ alone.
